ABSTRACT B chromosomes (B's), knobbed chromosomes, and chromosome 6 (NOR) of maize undergo nondisjunction and micronucleus formation in binucleate tapetal cells. These chromosome instabilities are regular events in the program of tapetal cell death, but the B's strongly increase A chromosome instability. We studied 1B and 0B plants belonging to selected lines for high or low B transmission rate and their F 1 hybrids. These lines are characterized by meiotic conservation or loss of B chromosomes, respectively. The female B transmission ( fBt l ) allele(s) for low B transmission is dominant, inducing micronucleus formation and B nondisjunction. We hypothesize that the fBt l allele(s) induces knob instability. This instability would be sufficient to produce B loss in both meiocytes and binucleate tapetal cells. B instability could, in turn, produce instabilities in all chromosomes of maize complement. To establish whether the chromosomal instabilities are related to the tapetal programmed cell death (PCD) process, we applied the TUNEL technique. PCD, estimated as the frequency of binucleate tapetal cells with TUNEL label, was significantly correlated with the formation of micronuclei and the frequency of pollen abortion. It can be concluded that the observed chromosome instabilities are important to the PCD process and to the development of microspores to form viable pollen grains.
T HE tapetum is the innermost cell layer that lines pollen development, with expression in the tapetum at the stage of microspore release from tetrads. Kapoor the anther locules. It is in direct contact with the et al. (2002) reported a functional characterization of pollen mother cells (PMCs). The tapetal tissue has a the tapetum-specific zinc-finger gene TAZ1, which causes secretory role providing essential nutrients required for premature degeneration and pollen abortion in petumicrospore and pollen grain development. The peculiar nia. Murray et al. (2003) studied the expression of the physiological and cytological features of tapetum detranscription factor HvGAMYB during early developvelopment are well documented in a number of taxa ment of barley anthers. Sorensen et al. (2003) found (Pacini 1997 (Pacini , 2000 Raghavan 1997) . In maize, after that the AMS gene in Arabidopsis encodes a transcripat least one mitosis with frequent abnormal chromatid tion factor playing a crucial role in tapetal cell and segregation, cytokinesis is not completed and binucleate microspore development. Some of these mutations have tapetal cells are formed when the PMCs are at meiotic been cytologically characterized. For example, Fei and prophase. The tapetal tissue disintegrates at the dehisSawhney (2001) described the effects of MS33 mutacent pollen stage when the anther breaks down to allow tion on pollen development at the ultrastructural level. pollination. Aberrant divisions of tapetal nuclei are an It interferes with intine formation and tryphine deposiintrinsic characteristic of tapetal development, in such tion in Arabidopsis. a way that disturbances of tapetal degeneration result Genes related to the deposition of pollen wall compoin male sterility (Lee et al. 1979; Raghavan 1997) .
nents from the tapetum are also being characterized. The identification and functional characterization of Some of these products play a role in the highly specific genes expressed in the tapetum are critically important interactions at the pollen stigma interface during sexual due to the diverse degrees of male sterility of their reproduction. In maize pollen coats, the predominant mutant phenotypes. For example, Cigan et al. (2001) protein is an endoxylanase whose mRNA is located in found that in maize the MS45 protein is localized to the tapetum. Wu et al. (2002) localized prexylanase in the tapetum and expressed maximally during the early the tapetum and studied how it is transferred to the vacuolate microspore stage of development. Wilson et pollen coat. Karimi et al. (2002) found that genes codal. (2001) determined that the Arabidopsis MS1 gene ing for pollenins are expressed in the anthers and more is a critical sporophytic controlling factor for anther and specifically in the tapetum of Arabidopsis. Lai et al. (2002) identified the AhSLF-S-2 gene related to the incompatibility multiallelic S locus in Antirrhinum. Wang 1 mosomes (Rosato et al. 1998) . The selection process was Their temporal expression matched the assembly of carried out following the method described in Rosato et al. wall-impregnated sporopollenin. (1996) , which consists of selecting plants with the highest and et al. (1999) and Wang et al. (1999) proposed the lowest B transmission rate in female 1B ϫ male 0B crosses.
Papini
that tapetal degeneration is a process of programmed at least three individuals per genotype and at least three frequency for any A chromosome would be 20/21 (95.24%). However, the observed relative proportion anthers per individual. Table 1 shows that H plants have fewer micronuclei than HL, LH, and L plants and that, of B micronuclei is much higher (14.73%). Double FISH was carried out with the pZmBs probe, in these three genotypes, 1B plants have more micronuclei than 0B plants ( Figure 1A ). A two-way ANOVA specific to the maize B's, and the pZm4-21 probe, specific to the maize heterochromatic knobs, simultaneshowed that there are significant differences among genotypes (F ϭ 5.73; P ϭ 0.004) and between 0B and ously. Previous data (Chiavarino et al. 2001) indicated that this maize race is polymorphic for the heterochro-1B plants (F ϭ 10.63; P ϭ 0.003), the interaction being nonsignificant (F ϭ 0.93; P ϭ 0.44). The least significant matic knobs, with five large and at least three small knobs. Due to this large number of knobs it is not difference test (LSD) post hoc test shows that there are nonsignificant differences among the HL, LH, and L possible to determine the exact number of knobs in each nucleus of the binucleate cells, but it is possible genotypes, but the H genotypes are significantly different from the other three.
to distinguish between nuclei with apparently equal or unequal knob distribution ( Figure 2D ). Table 3 shows The pZmBs probe, specific to the maize B chromosomes, was used in FISH experiments to study the B the frequency of binucleate tapetal cells with equal or unequal knob distribution in 0B and 1B plants of the behavior in binucleate tapetal cells in 1B plants of the four genotypes. The results are shown in Table 2 . Unfour genotypes. A two-way ANOVA showed that there are significant differences among genotypes (F ϭ 5.31; equal B distribution was observed, as one of the nuclei of the binucleate cell showed two labels and the other P ϭ 0.004) and between 0B and 1B plants (F ϭ 7.49; P ϭ 0.009), the interaction being nonsignificant (F ϭ showed no label ( Figure 2A ). This indicates that B nondisjunction occurred in the mitotic anaphase preceding binu-0.39; P ϭ 0.76). In all cases 1B plants show more knob unequal distribution than 0B plants ( Figure 1C ). LSD cleate tapetal cell formation. One-way ANOVA showed that there are significant differences among the genotypes post hoc test shows that in 1B plants the L genotype has significantly more unequal knob distribution than the (F ϭ 6.75; P ϭ 0.0025), but the LSD post hoc test shows that there are nonsignificant differences among HL, other three. In 0B plants the H and L genotypes significantly differ, whereas the HL and LH genotypes are LH, and L, whereas significantly less B nondisjunction occurs in the H line ( Figure 1B) .
intermediate. 1B plants were studied simultaneously for the distribuFrom the total of 129 cells observed with micronuclei, 19 (14.73%) were labeled with the pZmBs probe (Table tion of B's and knobs. In Table 4 the observed cells of the four genotypes are classified in four classes according to 2; Figure 2 , B and C). This indicates not only that the B formed micronuclei in the tapetal cells, but also that the normal disjunction or nondisjunction of the B's and the knobs ( Figure 2D ). Chi-square contingency tests were other chromosomes of the normal complement suffered instabilities leading to their loss in the preceding made to test if B disjunction vs. nondisjunction and equal vs. unequal knob distribution are independent anaphase. It is evident that the B is more unstable than the A's, because if all chromosomes had the same probaevents. In the H and LH lines the differences were significant ( 2 ϭ 15.72, P ϭ 0.0001 and 2 ϭ 2.76, P ϭ bility of forming micronuclei, the expected frequency of B micronuclei would be 1/21 (4.76%) and the expected 0.097, respectively), whereas in the HL and L lines the differences were nonsignificant ( 2 ϭ 2.76, P ϭ 0.09 but it seems that it is lower than that expected for randomness, which is the squared frequency of nondisjuncand 2 ϭ 0.16, P ϭ 0.69, respectively). Contingency tables show that in the H, HL, and LH genotypes the tion of one chromosome 6. A two-way ANOVA showed that there are nonsignifiobserved number of normal distribution of both the B and the knobs and nondisjunction of the B and the cant differences of chromosome 6 nondisjunction among genotypes (F ϭ 0.74; P ϭ 0.53), but significant knobs was higher than expected. Conversely, the expected number of cells showing unequal distribution of differences between 0B and 1B plants (F ϭ 47.08; P ϭ 0.0000), the interaction being nonsignificant (F ϭ 1.96; only one of the chromosomes was lower than expected.
The pTa71 probe was used in FISH experiments to P ϭ 0.13). In all cases 1B plants show a higher level of nondisjunction of chromosome 6 than do 0B plants study the behavior of chromosome 6 in binucleate tapetal cells in 0B and 1B plants of the four genotypes. This ( Figure 1D ). This probe also allowed observation of labeled miprobe is specific to chromosome 6, which is the only maize chromosome carrying the nucleolar organizing cronuclei in the tapetal cells, demonstrating that chromosome 6 may be lost during the mitosis preceding region, located on the short arm. The results are shown in Table 5 .
binucleate tapetal cell formation ( Figure 2F ). The number of cells with labeled micronuclei is small, but labeled Nondisjunction of one or both chromosome 6's was observed ( Figure 2E ). The number of observed cells micronuclei were not observed in the H line, indicating again that the H line forms fewer micronuclei than the with nondisjunction of both chromosome 6's is small, other three. It can also be observed that the frequency pendent events. In the H, HL, and L lines the differences were significant ( 2 ϭ 6.41, P ϭ 0.0; 2 ϭ 11.94, of labeled micronuclei is 18/83 (21.69%), which corresponds to 10.84 per chromosome 6. Comparing this P ϭ 0.000; and 2 ϭ 14.96, P ϭ 0.0001, respectively), whereas in the LH line the differences were nonsignififrequency with the frequency of micronuclei with B label (19/129; 14.73%; Table 2), it can be concluded cant ( 2 ϭ 0.55, P ϭ 0.46). The TUNEL technique was used to study the possible that the B is lost with a higher frequency. However, the frequency of chromosome 6 forming micronuclei effect of these chromosome instabilities on the PCD process. The anthers were analyzed at three PMC stages: is higher than the random probability for any chromosome to be lost (1/21; 4.76%).
pachytene, metaphase I, and tetrads. The chromosomes in the PMCs are always labeled along their entire length, The pTa71 and the pZmBs probes were simultaneously used in FISH experiments in 1B plants to study probably due to the DNA breakage produced at early meiotic stages related to crossing over. The binucleate the distribution of both the B and the chromosome 6's (Table 6 ). Contingency tables show that in all cases the tapetal cells were found either strongly labeled on the whole nuclei or slightly labeled on the surface (Figure observed number of normal distribution of both the B and the 6 and nondisjunction of the B and the 6 was 2, G and H) and the number of both types was scored. Considering all genotypes as a whole, the frequency higher than expected. Conversely, the observed number of cells showing nondisjunction of only one of the chroof binucleate tapetal cells showing strong TUNEL label increased from pachytene to tetrads, indicating that the mosomes was lower than expected, but the differences were significant in three of the four cases. Chi-square normal PCD process progresses as the PMCs develop, although it never reached 100% at these stages. Howcontingency tests were made to test whether disjunction vs. nondisjunction of the B and chromosome 6 are indeever, remarkable differences were found in some cases. Percentages are shown in parentheses. Table 7 shows the frequency of binucleate tapetal cells the H line have more aborted pollen than any other genotype ( Figure 1F ). showing strong TUNEL label in 1B and 0B plants of the four genotypes when the PMCs are at metaphase I.
To determine whether the chromosome instabilities and micronuclei observed in the tapetal cells were re-A two-way ANOVA showed that there are nonsignificant differences of TUNEL label between 0B and 1B plants lated to the PCD process and pollen abortion, we studied the correlations between the following variables: (F ϭ 4.48; P ϭ 0.06), but significant differences among genotypes (F ϭ 15.04; P ϭ 0.0005), the interaction being micronucleus frequency, B nondisjunction frequency, knob unequal distribution, chromosome 6 nondisjuncnonsignificant (F ϭ 2.95; P ϭ 0.08). However, an LSD post hoc test showed that there are significant differences tion, PCD (as frequency of TUNEL labeled cells), and pollen abortion. Since the variables related to B chromobetween 1B and 0B plants of the H line and nonsignificant differences between 1B and 0B plants of HL, LH, somes can be studied only in 1B plants, we calculated the correlation coefficients in 1B and 0B plants separately. and L lines. On the other hand, HL, LH, and L lines showed a higher number of cells with TUNEL label Table 9 shows the significant correlation coefficients, indicating that B nonsdisjunction, micronucleus frethan did H lines ( Figure 1E ).
The frequency of normal and aborted pollen was quency, and PCD are negatively correlated with pollen abortion. estimated using the Alexander staining in 1B and 0B plants of the four genotypes (Table 8; Figure 2I ). A twoway ANOVA showed that there are significant differ-DISCUSSION ences of pollen grain abortion among genotypes (F ϭ 7.88; P ϭ 0.0001) and between 0B and 1B plants (F ϭ B chromosomes are extra chromosomes that are not fully integrated into the normal behavior of the standard 4.43; P ϭ 0.038), the interaction being also significant (F ϭ 4.52; P ϭ 0.006). The LSD post hoc test shows that complement. In many plant species they are unstable at meiosis and undergo nondisjunction at pollen mitosis the H line has more aborted pollen, and 1B plants of The number of cells expected under random assortment is shown in parentheses. Percentages are shown in parentheses.
determining particular B transmission mechanisms. In a genetic component in this process and, second, that the fBt l allele(s) is dominant at this level. We think that maize, B nondisjunction regularly occurs at the second pollen mitosis (Randolph 1941; Carlson 1986) , in the micronucleus formation is also affected by environmental conditions because we found a significantly higher endosperm and in the tapetum. In these latter cases the B's may induce instabilities in the A's (Rhoades et al. frequency of micronuclei in a previous study (Chiavarino et al. 2001 (Chiavarino et al. ). 1967 Dempsey 1972, 1973; Alfenito and Birchler 1990; Chiavarino et al. 2001) . These alter-
The frequency of B nondisjunction in the binucleate tapetal cells is similarly related to the studied genotypes. ations might produce deleterious quantitative phenotypic effects, particularly related to fertility, because Also in this case the fBt l allele(s) behaves as a dominant, because H plants show significantly less B nondisjuncchromosome instabilities occur at various stages of sexual reproduction, whereas they are somatically stable. tion than do L, HL, and LH plants.
A parallel behavior of the B chromosome occurs in Remarkably, there are very few works on B maize effects on fitness variables in spite of the large literature on PMCs and in the tapetum. B univalents are conserved at male meiosis in the H line, whereas they are lost in maize B chromosomes (Jones and Rees 1982) .
Previous works of our laboratory have characterized a significant proportion of the microspores of the L line and the HL and LH hybrids (González-Sánchez et al. the genetic control of maize B transmission rate (González-Sánchez et al. 2003) . One gene located on the A 2003). This shows that the fBt l allele(s) is dominant and that there is not a maternal effect, because in both chromosomes, which we call mBt (male B transmission), controls B preferential fertilization on the male side. hybrids the B is lost both at meiosis and in its transmission with the same frequency as in the L line. We have Female B transmission is controlled by a gene(s) called fBt (female B transmission) also located on the A's. The no data on the B meiotic behavior on the female side because a quantitative study of maize female meiosis is H and L lines used in this work are the fBt h fBt h and the fBt l fBt l homozygous, respectively. In the L line and unattainable. However, it is reasonable to accept that B behavior at female meiosis is similar to that of male in the LH and HL F 1 hybrids (fBt l fBt h heterozygous) a significant loss of the B chromosome occurs both at meiosis because B loss or conservation at male meiosis and female B transmission are strongly correlated. meiosis of 1B plants and in the progeny of 1B ϫ 0B crosses.
Therefore, it can be suggested that the fBt l allele(s) produces B instability in both the PMCs and the binucleChromosome instability is easily observed as micronucleus formation, which is a regular event in binucleate ate tapetal cells. Since the fBt l allele(s) is dominant, it can also be suggested that its expression is sporophytic tapetal cells, because micronuclei appear in plants of all constitutions. The B chromosome is particularly unand occurring at the diploid level, before the reduction of chromosome number. stable because it forms ‫%51ف‬ of the micronuclei, whereas 1/21 is expected. However, L, HL, and LH plants form
The similarity between PMCs and tapetal cells is remarkable. Both the sporogenous and tapetal cells have more micronuclei than the H line does, showing, first, a common origin from the archesporial cells (Echlin 1973; Canales et al. 2002) and remain in close contact during their development. Yang et al. (1999) , analyzing the SPL mutation in Arabidopsis, suggested that the development of the anther walls, the tapetum, and the microsporocytes is tightly coupled. Interestingly, Aragó n- Alcaide et al. (1997) found association of homologous chromosomes simultaneously both in premeiotic PMCs and in the surrounding tapetal cells of wheat. It may be hypothesized that sporophytic to gametophytic transition is initiated with a signal terminating in tapetal PCD on one side and pollen grain maturation on the other.
Knobbed chromosomes also show instabilities in binucleate tapetal cells. In all cases 1B plants show more knob unequal distribution than 0B plants, and L plants show more unequal distribution than H plants, but HL and LH behave as intermediates. On the other hand, in H, HL, and LH the observed number of normal distribution of both the B and the knobs and nondisjunction of both the B and the knobs was higher than expected. This suggests that instability is extended to all chromosomes when either the B's or the knobbed chromosomes become unstable.
Our hypothesis is that the fBt l allele is directly related to a differential knob constitution present in the L line and absent in the H line. If the fBt l allele(s) induces knob instability, the B, which also carries a knob, is also affected. Probably, the B would be affected more than any other chromosome because of its own special constitution. This instability would be sufficient to induce B loss in many cells, both PMCs and binucleate tapetal cells. B instability could, in turn, produce instabilities in all of the chromosomes of the maize complement. This hypothesis would also explain the intermediate behavior of the HL and LH F 1 hybrids for the unequal knob distribution, because the L line would have two of these unstable knobs, whereas the hybrids would have only one.
This hypothesis is in agreement with the instabilities observed in chromosome 6. In this case nondisjunction of chromosome 6 is not related to the H, L, HL, and LH genotypes, but 1B plants show more instabilities than 0B plants. In all cases, the observed number of normal distribution of both the B and the 6 and nondisjunction of both the B and the 6 was higher than the nondisjunction of only one of the chromosomes. This is again in agreement with the hypothesis that B instability induces instability in the remaining chromosomes, particularly in knobbed chromosomes like chromosome 6. In this case, chromosome 6 is not affected by the fBt l allele.
It is interesting to study whether these chromosome instabilities are related to the PCD process, which is an essential feature of the binucleate tapetal cells. Granell (1999), Buckner et al. (1998 Buckner et al. ( , 2000 , Wu and Cheung Percentages are shown in parentheses. 
